Burkholderia cepacia is an opportunistic pathogen that has become a major threat to individuals with cystic fibrosis (CF). In approximately 20% of patients, pulmonary colonization with B. cepacia leads to cepacia syndrome, a fatal fulminating pneumonia sometimes associated with septicemia. It has been reported that culture filtrates of clinically derived strains of B. cepacia are hemolytic. In this study, we have characterized a factor which contributes to this hemolytic activity and is secreted from B. cepacia J2315, a representative of the virulent and highly transmissible strain belonging to the recently described genomovar III grouping. Biochemical data from the described purification method for this hemolysin allows us to hypothesize that the toxin is a lipopeptide. As demonstrated for other lipopeptide toxins, the hemolysin from B. cepacia was surface active and lowered the surface tension of high-pressure liquid chromatography-grade water from 72.96 to 29.8 mN m ؊1 . Similar to reports for other pore-forming cytotoxins, low concentrations of the hemolysin were able to induce nucleosomal degradation consistent with apoptosis in human neutrophils and the mouse-derived macrophage-type cell line J774.2. Exposure of human neutrophils to higher concentrations of toxin resulted in increased activities of the neutrophil degranulation markers cathepsin G and elastase. Based on the results obtained in this study, we suggest a role that allows B. cepacia to thwart the immune response and a model of the events that may contribute to the severe inflammatory response in the lungs of CF patients.
Cystic fibrosis (CF) is the most common inherited disease of Caucasian populations and results from a defective chloride channel called the CF transmembrane regulator (29, 31) . Impaired CF transmembrane regulator function results in a high NaCl concentration and reduced volume of the airway fluid covering the apical surface of lung epithelia (37) . Evidence from recent studies suggests that the susceptibility of the lungs of CF patients to respiratory infections results from a combination of sticky mucus which impairs mucociliary clearance, high NaCl concentrations which reduce bactericidal activity of airway surface fluid, and an increase in the number of epithelial receptors for pathogenic bacteria (5, 37, 39) .
Most individuals with CF will experience a characteristic age-related pattern of pulmonary colonizations and intermittent exacerbations involving Staphylococcus aureus and Haemophilus influenzae in infancy and early childhood, followed inexorably in adolescence by Pseudomonas aeruginosa (7, 11, 16) . However, in parallel with the improved life expectancy of CF individuals (6) , the spectrum of microbial pathogens has also evolved. Since the mid-1980s, three factors have combined to make Burkholderia (Pseudomonas) cepacia a major threat to patients with in North America and Europe (36, 40) : (i) the organism's innate resistance to most antibiotics (28) ; (ii) crossinfection due to patient-to-patient or nosocomial spread (10, 18) ; and (iii) the rapid and unexpected clinical decline in approximately 20% of colonized patients, associated with acute necrotizing pneumonia, sometimes accompanied by septicemia (9, 11, 17) . B. cepacia colonization is less common than P. aeruginosa colonization but can nevertheless infect upward of 40% of CF patients during epidemic spread (11) . B. cepacia colonization therefore has a considerable impact on CF patients, since social ostracism is associated with the draconian segregation policies implemented to reduce patient-to-patient spread. In addition, life expectancy, which at present averages nearly 40 years for patients free of P. aeruginosa and B. cepacia, is reduced to approximately 20 years for individuals colonized by B. cepacia (6) .
To date, most research on the role of B. cepacia in human infections has focused on the mechanisms responsible for its innate antibiotic resistance or on the use of molecular fingerprinting techniques to clarify the epidemiology of acquisition of infection (19, 22) . The bacterial and host factors which determine the clinical outcome of B. cepacia colonization are unclear (4, 8, 26, 43) . Accumulated evidence indicates that B. cepacia can invade and survive intracellularly within airway epithelia (2, 3, 9) . Putative virulence factors identified in B. cepacia isolates include proteases (24) , lipopolysaccharide (34), pili and mucin-binding adhesins (38, 39) , and heat-labile hemolysin which has both phospholipase C and sphinogomyelinase activities (42) . Hemolytic and phospholipase C expression in B. cepacia appears to be complex (42) . Previous reports indicate that up to 40% of isolates exhibit beta-hemolytic activity when erythrocytes from various animals are tested (42); however, unlike the phospholipase C activity of P. aeruginosa, the phospholipase activity of B. cepacia does not correlate with hemolytic activity (25, 42) . A surprising result from our laboratory is that B. cepacia lipopolysaccharide stimulates tumor necrosis factor alpha and other proinflammatory cytokines 10 times more strongly than does lipopolysaccharide from P. aeruginosa (34) . Cell-free supernatants of B. cepacia have also been shown to induce interleukin-8 from cultured human A549 lung epithelial cells (27) .
We report the purification and activity of a hemolysin obtained from B. cepacia J2315. Our findings show that this factor can cause apoptosis of human neutrophils, can cause an in-crease in neutrophil degranulation markers, and causes hemolysis of erythrocytes. The clinical implications of the role of the toxin are speculatively discussed, since the strain is a representative of the virulent and highly transmissible ET/12 lineage belonging to the recently described genomovar III group of B. cepacia (9, 30, 41) .
MATERIALS AND METHODS
Purification of hemolysin. B. cepacia J2315 was grown at 37°C in 3% (wt/vol) glucose-1% (wt/vol) yeast extract-1% (wt/vol) tryptone with vigorous shaking (300 rpm; Gallenkamp orbital incubator). After 72 h of culture the cells were killed by the addition of isopropanol to 50% (vol/vol) and the pH of the medium was lowered to pH 4.0 by addition of concentrated HCl. Cellular debris was removed by centrifugation (4,000 ϫ g for 15 min), and the solvent was removed by flash evaporation at 45°C. Dowex 1 anion-exchange chromatography was used for further purification as described previously (13) . The column eluate was extracted three times with acetone, and the aqueous phases were pooled and freeze-dried before being further purified by high-pressure liquid chromatography (HPLC).
HPLC purification of hemolysin. Highly purified hemolysin was prepared by reverse-phase HPLC with Gilson 712 series chromatographic equipment (Gilson Plc.). A linear acetonitrile gradient of 0 to 100% (vol/vol) containing 0.1% (vol/vol) trifluoroacetic acid was used at a flow rate of 1.3 ml min Ϫ1 to purify the hemolysin to a single peak. A semipreparative column with C 18 as the active group (Beckman 5-m-pore-size Ultrasphere ODS; 150 by 10 mm [internal dimensions]) was used with detection at 215 nm. Aliquots (1 ml) of crudely purified toxin containing ϳ0.5 mg (dry weight) of material were injected for purification.
Erythrocyte assays for hemolytic activity. Assays were conducted with heparinized horse erythrocytes (0.2 ml) washed in phosphate-buffered saline (PBS; 10 mM sodium phosphate, 0.9% NaCl [pH 7.0]) prior to suspension in 100 ml of PBS. The concentration of whole blood cells (1 to 2 l ml
Ϫ1
) was adjusted with PBS to an optical density at 600 nm between 0.09 and 0.1 in a final volume of 1 ml. Hemolysin was used from a 1-mg-ml Ϫ1 stock solution and added to blood cells to a final concentration of 0.5 to 8 g ml Ϫ1 at 22°C. After mixing for 1 to 2 s, the rate of lysis was monitored spectrophotometrically at 600 nm. Each data point was the result of at least six individual replicates performed as two separate trials.
Osmotic protection assay. Osmotic protection assays were performed with solid agar plates (PBS containing 20 ml of 1% [wt/vol] agar and 2% [vol/vol] whole horse blood). Osmotic protectants added to the plates were polyethylene glycol 1450 (PEG 1450), PEG 1000, raffinose, lactose, sucrose, glucose, and arabinose (14) . All protectants were added to a concentration of 500 M. An aliquot (5 g in 10 l) of HPLC-pure toxin was spotted several times on each plate before incubation at 37°C for 3 h.
Scanning electron microscopy. Sample preparation was carried out as described previously (33) with minor modifications. The sample was fixed in 3% (vol/vol) glutaraldehyde-0.1 M sodium cacodylate buffer (pH 7.4) for a minimum of 3 h. Prior to dehydration in acetone, samples were stored in 1% (vol/vol) osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h. Criticalpoint drying was performed with CO 2 , and the sample was sputter coated with 20-nm gold-palladium (60:40 [wt/wt]). The samples were observed with a Philips 505 scanning electron microscope.
Culturing of J774.2. The mouse-derived macrophage-type cell line J774.2 was grown in 75-cm 2 culture flasks (Greiner Labortechnik) in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum and 10 g each of streptomycin and penicillin (Sigma) ml
. Incubation was carried out at 37°C with 5% (vol/vol) CO 2 .
Isolation of neutrophils. Neutrophils were isolated from citrated fresh whole blood. An aliquot (50 ml) was centrifuged (1,000 ϫ g for 20 min at 25°C), and the plasma was discarded. The pellet was resuspended in 0.25 volume of 6% (wt/vol) dextran-0.9% (wt/vol) NaCl, and 50% (vol/vol) PBS (pH 7.0) was added. After sedimentation for 45 min, the upper layer was layered onto 6 ml of Histopaque (Sigma) and the neutrophils were pelleted by centrifugation (1,200 ϫ g for 30 min). Contaminating erythrocytes were lysed by resuspension in distilled H 2 O and neutrophils stored on ice in Hanks buffered salt solution containing 0.1% (wt/vol) dextrose.
Apoptosis assay. Cells were used as 100-l aliquots containing 5 ϫ 10 6 cells. Cultured J774.2 macrophages and freshly isolated human neutrophils were exposed to HPLC-pure toxin (1 g) for 8 h at 37°C, in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum, under 5% (vol/vol) CO 2 . The cells were pelleted (3,000 ϫ g for 10 min), washed in PBS, and resuspended at 2 ϫ 10 7 ml Ϫ1 in 10 mM EDTA-50 mM Tris-0.5% (wt/vol) sodium lauroyl sarcosinate. Protein was removed by extraction with aqueous phenol (pH 7.4)-chloroform-isoamyl alcohol (25:25:1). Nucleic acids were precipitated by addition of 1 ml of ethanol and centrifugation (14,000 ϫ g for 30 min). RNA was removed by addition of 1 g of DNase-free RNase per g of DNA. DNA was resolved by agarose gel electrophoresis (1.2% [wt/vol] agarose) and stained with ethidium bromide.
Degranulation assay. Neutrophils were isolated from fresh human blood as described previously, and aliquots of cells (5 ϫ 10 5 cells) were incubated with various quantities of HPLC-pure toxin. Substrates of N-succinyl-Ala-Ala-ProPhe-p-nitroanilide and N-succinyl-Ala-Ala-Ala-p-nitroanilide were used at 1 mM for determination of cathepsin G and elastase activities, respectively. Incubation was carried out typically for 2 h with gentle (50 rpm) agitation at 37°C. Generation of the cleavage product, p-nitroanilide, was determined spectrophotometrically at 410 nm.
Determination of antimicrobial activity. The MIC of the toxin for three CF isolates of Staphylococcus aureus and Pseudomonas aeruginosa was determined by twofold dilution performed in microtiter wells. The tested optical density of both bacterial types at 600 nm (OD 600 ) was 0.01. The range of toxin concentrations tested was 5 mg ml Ϫ1 to 2.5 g ml
. Determination of the ability of B. cepacia to grow anaerobically. Test cultures of B. cepacia and positive controls of P. aeruginosa were cultured on the defined medium described by Malka et al. (23) with minor modifications: 0.5% (wt/vol) dextrose was used as the sole carbon source, 1% (wt/vol) potassium nitrate was used as a medium supplement, and agar was used to a final concentration of 1.5% (wt/vol). The plates were incubated in an anaerobic chamber (Don Whitley Scientific, Mark III, Shipley, United Kingdom) in an atmosphere of 80% N 2 -10% CO 2 -10% H 2 .
RESULTS
Production and purification of hemolysin by B. cepacia. B. cepacia J2315 cultured in a medium rich in glucose with fast shaking secreted a substance that was capable of lysing horse and human erythrocytes. Aeration and medium composition were important for production of the lytic substance, since it was not produced on medium containing less than 1% glucose and production fell sharply at lower shake speeds (data not shown). The purification scheme used for the toxin was informative. The compound is stable, remains soluble at low pH, and is amphipathic in nature since it partitions into butanol. Furthermore, the toxin does not bind to the Dowex chromatography resin, which indicates a net positive charge at low pH. During the purification of the hemolytic activity, the samples were tested at each stage for the ability to lyse whole blood in isotonic agar. Small amounts of lysis were occasionally observed at some stages, which we explain by traces of solvent in these waste fractions. This small amount of nonspecific activity was insignificant compared to the majority of activity contained in the fractions eventually used for HPLC. Final separation by HPLC was used to purify the hemolysin to a high degree. Figure 1a shows a typical HPLC trace of the crudely purified material. The peaks marked A and B appeared reproducibly at 56 and 57% (vol/vol) acetonitrile. Both peaks were hemolytic on 2% (vol/vol) isotonic blood agar and had the ability to inhibit the growth of S. aureus. Fractions outside the two peaks had little or no hemolytic activity. No differences were observed in the hemolytic ability of these two peaks. The average percentage of the total area of peaks A and B from three separate batches of toxin, calculated by using the Gilson 712 integration module, was 5.48% (standard error [SE] 1.03%; n ϭ 20) and 21.69% (SE 2.63%; n ϭ 20), respectively. The minor peak, peak A, was not included in the fractions of toxin saved for freeze-drying; all subsequent work was performed with only peak B. After freeze-drying, reanalysis by HPLC of the purified material (Fig. 1b) showed a hemolysin peak area of Ͼ97.7% of the total trace area. A total weight of 5.2 mg of toxin was purified by HPLC.
Surface-active properties of the toxin. Throughout the purification procedure, a pronounced foaminess of hemolytic preparations was observed. These detergent properties were quantified by the drop-weight method originally described by Harkins and Brown (12) . The surface tension of solutions of toxin up to 10 mg ml Ϫ1 was determined (Fig. 2) . Above this concentration, solutions of toxin became cloudy, and shortterm (Ͼ20 min) storage resulted in the formation of a precipitate. At 10 mg ml
Ϫ1
, the surface tension of the freshly pre-pared toxin solution was determined as 29.78 mN m Ϫ1 . This compares to the surface tension of HPLC-grade water, which was measured as 72.96 mN m Ϫ1 . Thus, B. cepacia hemolysin displays strong surface-active properties and could be considered a powerful biosurfactant. The critical micellar concentration of the toxin and the ␥ CMC were determined graphically from Fig. 2 , by the method of Sheppard and Mulligan (35) , to be 12.6 mg ml Ϫ1 and 42.2 mN m Ϫ1 , respectively. Electron microscopy. Typical electron micrographs showing the effect of J2315 hemolysin on human erythrocytes are shown in Fig. 3 . Scanning electron microscopy revealed differences in the appearance of the cells compared to PBS-treated controls. The hemolysin-treated cells were generally smaller and had a spiked morphology consistent with crenation. In addition, there appeared to be larger amounts of cellular debris in the background of the toxin-exposed samples.
Quantification of hemolytic activity. A liquid blood cell assay was used to quantify the hemolytic properties of the toxin. The rate of lysis was nearly linear between the 3-g-ml
threshold required for measurable activity and the upper concentration tested of 8 g ml Ϫ1 (Fig. 4) . Since the effect was dose dependent, the maximal rate of lysis of 0.06 OD 600 unit min Ϫ1 was recorded at 8 g ml
. Above this concentration, lysis was too rapid for the rate to be measured accurately. The osmotic protection assays did not show a diminished rate of lysis on solid agar blood plates. Both the size of the zone of clearing after 3 h and the rate of lysis were investigated. Since the osmotic protectants chosen offer protection against colloidosmotic cellular lysis induced by pores with radii of 1.2 nm, our results suggests that the pores formed by B. cepacia hemolysin have a viscometric radius considerably larger than 1.2 nm.
Hemolysin-induced DNA degradation. Exposure of freshly purified human neutrophils to the toxin for 6 h gave rise to nucleosomal degradation that is consistent with apoptosis. Both the human neutrophils and mouse macrophage cell types (results not shown) gave a ladder pattern of cut DNA with fragment sizes increasing in increments of approximately 200 bp (Fig. 5) . These banding patterns have become the biochemical hallmark of programmed cell death.
Inhibition of S. aureus by B. cepacia hemolysin. MIC determinations for three clinical isolates of S. aureus and P. aeruginosa were undertaken with a minimum of nine replicates. P. aeruginosa was sensitive to the crudely purified hemolysin but required a high concentration of the toxin (125 g ml Ϫ1 ) (SE 0; n ϭ 9) for all three strains for complete inhibition. All three strains of S. aureus were sensitive to the crude toxin preparation at concentrations between 16 g ml Ϫ1 (SE 0; n ϭ 9) and 64 g ml Ϫ1 (SE 0; n ϭ 9). The effect of a small repeat trial of HPLC-purified toxin was to lower the MICs for the strains. All strains of P. aeruginosa were inhibited by 64 g ml Ϫ1 (SE 0; n ϭ 3); S. aureus strains were sensitive at between 8 and 16 g ml Ϫ1 (SE 0; n ϭ 3). Interestingly, B. cepacia J2315 showed no detectable inhibition by crude preparations of toxin at concentrations up to 5 mg ml Ϫ1 . Activation and degranulation of human neutrophils. Human neutrophils isolated from fresh blood and exposed to the hemolysin became activated and released both cathepsin G and leukocyte elastase into the assay medium (Fig. 6) . The rate of release of these degranulation markers was toxin dose dependent, and the effect was measurable at concentrations as low as 100 ng of HPLC-pure toxin ml Ϫ1 with a 2-h incubation period. The activities were recorded as separate trials performed with samples from six separate blood donors with three replicates per data point. The range of maximal activities was 65 to 29.5 pmol converted s Ϫ1 g of toxin Ϫ1 for leukocyte elastase and 55 to 140 pmol converted s Ϫ1 g of toxin Ϫ1 for cathepsin G, which tends to suggest that different host leukocytes react differently or have different susceptibilities to the hemolysin.
B. cepacia is a strict aerobe. No visible growth was observed when B. cepacia was cultured on modified Malka media under anaerobic conditions and the plates were incubated for up to 1 week. Although no visible growth was observed, viable bacteria could be cultured from the agar surface at the end of 7 days of anaerobic incubation.
DISCUSSION
Production of ion channel-forming toxins by animal and plant pathogens is common and has been widely documented (13, 15, 20, 21) . In addition, there have been a number of reports of hemolytic activities by B. cepacia. Abe and Nakazawa (1) describe a hemolysin called cepalysin, isolated from a Japanese clinical strain, which forms pores with diameters of 20 to 30 nm. Vasil et al. (42) describe two separate hemolysins of 72 and 22 kDa from a U.S. clinical isolate. We believe that our hemolytic activity, from a British isolate, is distinct from both of these because we did not observe pores in the size range of 20 to 30 nm and polyacrylamide gel electrophoresis showed our activity to have a molecular mass of less than 3 kDa (results not shown). It remains to be shown that the B. cepacia hemolytic toxin we have described is secreted in vivo. However we speculate that conditions within the lungs of CF patients would be conducive to toxin synthesis. We observed that the synthesis and secretion of toxin activity are enhanced by the presence of oxygen, and it could be argued that oxygen may be limiting in congested areas of the lungs of these patients. At other sites, however, the concentration gradient of unbound oxygen between air in the lungs and the bloodstream would ensure a continual stream of oxygen across the epithelial surface. Other evidence for the availability of oxygen within the lungs of CF patients is that although B. cepacia is a strict aerobe and cannot utilize nitrate as an alternative electron acceptor, the organisms can be cultured from the CF pulmonary secretions at high concentrations, typically 10 8 CFU/ml. A priority for our future studies will be the analysis of B. cepaciacolonized patient sera for antibodies against the activity, allowing us to assign a clinical relevance to the hemolysin.
It has been speculated that the pathogenic potential of surface-active lipopeptides is associated with their detergent properties (15, 32) . Generally, since it is difficult to estimate the concentrations of these bacterial toxins produced in human tissues or on a plant surface, their contribution to pathogenicity is difficult to determine precisely. Nevertheless, our study provides the first evidence of a potent surface-active agent produced by the virulent and highly transmissible B. cepacia lineage represented by strain J2315 and may provide clues to the pathogenic mechanisms which may operate in the lungs of CF patients. Our results demonstrated that very low concentrations of the B. cepacia toxin were required for cell damage. Preliminary studies with crude preparations of toxin also demonstrated an ability to form slightly anion-selective channels. In the lungs of CF patients, low concentrations of lipopeptide could reduce the protective capacity of pulmonary neutrophils by causing pore formation and cellular apoptosis. This mechanism has already been proposed for other ion-channel forming toxins including staphylococcal ␣-toxin (20) . However, although we were able to demonstrate that the B. cepacia lipopeptide caused degradation of DNA consistent with apoptosis, the hemolytic activity of the toxin suggests that pore formation may not be the major cause of the degradation. Data from our osmotic protection assays indicated that the viscometric radius of the toxin-induced channels is significantly greater than 1 nm. Close scrutiny of toxin-exposed cells under the scanning electron microscope, however, showed no porelike structures on the surface of the erythrocyte membranes. Since the heavy-metal coating of the samples is likely to mask features smaller than 20 nm, it seems likely that the diameter of the toxin-induced pore is Ͻ20 nm. Alternatively, we do not rule out the possibility that the detergent properties of the hemolysin play a role in the mechanism of hemolysis.
Irrespective, of the precise mechanism however, we show that DNA degradation characteristic of programmed cell death occurs when neutrophils are exposured to the toxin. It can be surmized that since phagocytes that have undergone apoptosis do not degranulate and release lysosomal contents, there would be a delayed exposure of potential bacterial pathogens to the bacteriocidal contents of the phagocytes and increased opportunity for small numbers of B. cepacia to become established. However, further studies involving inoculation of hemolysin-defective mutants into CF animal models are required to establish the contribution of the hemolysin to the pathogenicity of B. cepacia.
